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Hydrogeochemistry for mineral exploration in Western Australia (II):
Case Studies
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Figure 1. Map of Western Australia showing general regions where

hydrogeochemical exploration methods have been applied. The bold
text shows the location of the case studly site.

INTRODUCTION

Mineral deposits are becoming more difficult to find
and greater emphasis is being placed on exploring through
deep (>30 m) transported cover and into basin terrains.
Groundwater interacts with mineralized rocks and can
display a geochemical signature with a much greater
footprint than other sampling media, as groundwater is
mobile (Cameron 1978; Giblin & Dickson 1992; Leybourne
& Cameron 2006; Taufen 1997). The larger size of
groundwater geochemical anomalies can reduce the required
drilling density needed to explore in a region, an important
consideration for cost-effective exploration in covered

https://doi.org/10.70499/ETUG9611

terrains.

The application of hydrogeochemistry for mineral
exploration is valuable in Western Australia and other
parts of the world, and is particularly useful for early-stage
exploration and development of regional targets (Gray et
al. 2009; de Caritat et al. 2005; Taufen, 1997). Research
by Carey et al. (2003), Gray (2001), Gray & Noble (2006)
and Gray et al. (2009) has advanced the use of exploration
hydrogeochemistry in Western Australia, while Kirste et al.
(2003), Pirlo & Giblin (2004) and de Caritat et al. (2005)
have successfully applied groundwater exploration methods
in other parts of Australia. Outside of Australia, extensive
groundwater research for mineral exploration has been
conducted in North America (Boyle et al. 1993; Gillis et
al. 2004; Leybourne et al. 2000; Phipps et al. 2004), South
America (Cameron ef al. 2002; Cameron & Leybourne 2005;
Leybourne & Cameron 2006) and elsewhere (de Caritat ef al.
2009; Pauwels et al. 2002). This paper presents results from
a number of sites used for hydrogeochemical investigations
in Western Australia (Fig. 1). The groundwater was collected
and analysed by the procedures of Noble & Gray (2010).

CASE STUDIES
Harmony Au Deposit — A local scale investigation of Au

The Harmony Au deposit is located within a depositional
plain approximately 9 km west of Peak Hill and 90 km
north of Meekatharra in Western Australia (Fig. 1). The
region is arid, with low, irregular rainfall averaging 240 mm
per annum (Bureau of Meteorology, 2008). The sparse
vegetation consists largely of mulga (Acacia aneura), and
drought-resistant shrubs and grasses. The deposit was dis-
covered in 1991 by RAB drilling to saprolite and fresh rock,
although, in retrospect, sampling of groundwater, buried
laterite and the basement-cover interface would have also
been successful (Robertson 2001; Robertson & Gray 2003).

The site is located in the Palacoproterozoic Bryah Basin.
The mineralization is on the contact between the Ravelstone
and Narracoota Formations. The Ravelstone Formation is a
thick turbidite sequence of fine-grained, mafic, feldspathic
and lithic wackes. Folded ultramafic and mafic volcanics
comprise the Narracoota Formation. The sequences are
metamorphosed to lower to middle greenschist facies
(Pirajno & Occhipinti 1995; Pirajno et al. 1995). Primary
mineralization is associated with hematitic quartz veins
and carbonate-filled breccia, with Au and Ag occurring as
inclusions in pyrite with associated pyrrhotite, pentlandite,
chalcopyrite and scheelite. Trace element signatures in the
mineralized rocks include As, Te, Zn and Pb, with Au and W
the most useful pathfinders (Harper ef al. 1998).

The deposit has been weathered to ferruginous saprolite
and covered by colluvium-alluvium. Colluvium-alluvium
in the area is 7-12 m thick, but directly over the deposit (a
palaeo-high) it is 1-3 m thick. The upper few metres of the
colluvium-alluvium are silicified to a red-brown hardpan.
Below this, the material is similar, but finer grained and
uncemented. Adjacent to the deposit, but beneath the
colluvium-alluvium, the deposit is flanked by a lateritic

continued on page 13



EXPLORE NUMBER 146

PAGE 13

Hydrogeochemistry for mineral exploration... continued from page 12

Au in water (ug/L) g Mo in water (pg/L) g
@ 0.007 - 0.011 0 o ‘ @4-9 0 O ‘
O 0.005 - 0.006 o N O2-4 o N
© 0.003 - 0.004 = o 0 03-2 s .
* 0.002 - 0.003 o <02
Au in Regolith (ug/kg) Au in Regolith (pg/kg)
[]> 3200 []> 3200
11600 - 3200 / 11600 - 3200 / .
[J400 - 1600 [ 1400 - 1600
[]100 - 400 [ ]100-400
[J<100 [ <100
() o
72T TN
‘/. < d g
O o o ° o
. @ \ | @ \ o
O \ ° o \ o
25°39'10" S (@) \\ \ _ | |25°39110"s o \\ \ |
\ \
° o |\ o | O . \ °
\ o ' \ ° l
o~ / / b / /
~ \‘/O Y \\/o
N X o o N X O @)
~ ~
~ ~
N ° ° N ° o
N N
° Q e e ° < ° o
~N > ° ~ . °
N N e O S N 00
AN N AN N
N \ N o N \ N .
N N N AN
N N N N
N N\ N N\
AN AN AN AN
° ° N o N (@) ° ° N ° N o
AN AN AN N\
° N | N\ ° (@) o \\ | A ° o
—-— N 0 500
— _ Palaeochannel <—— Groundwater flow direction S b RNi005-10

— -~

Figure 2. Dissolved Au (top) and Mo (bottom) concentrations in
groundwater at the Baxter/Harmony gold deposit (dots) superimposed
on maximum Au concentrations in the regolith at the interface between
colluvium and residuum at a depth ranging between 1 and 12 m. The
pit outline is shown towards the centre. The palaeochannel outline and
the direction of ground water flow are also depicted.

duricrust of approximately 8 m thickness. A palacochannel
drains from 1 km south of the deposit in a northwest
direction (Fig. 2). The palaecochannel is filled with 10-24 m of
mottled, thick, puggy, clay-rich sediments (Robertson 2001).
The shallow aquifer groundwater <2 km from the Baxter
deposit has a neutral pH, is fresh and generally similar to
those from the northern Yilgarn Craton. The groundwater
flows southeast, towards the channel. Approximately 40
samples were collected from drill holes over a 6 km? area.
Dissolved Au concentrations are low (2-11 ng/L) and ~100
times less than in mineralized areas around Kalgoorlie.
Despite these low concentrations, dissolved Au is a good
pathfinder for mineralization in the Baxter region (Fig. 2).
Some groundwater has concentrations of Au
below detection over mineralization that may indicate
inconsistencies in Au mobility in this environment.
Additionally, Sc, Mo (Fig. 2), W and possibly Rb have
elevated groundwater concentrations in areas of Au
mineralization and are more consistent pathfinders than
Au itself in groundwater at this local scale. This elemental
suite is similar, though more limited, to those observed
elsewhere in the NE Yilgarn for detecting Au mineralization.

continued on page 14
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Chromium in groundwater may be used to indicate
underlying ultramafic lithologies in this region (Gray &
Noble 2006). Chalcophile elements (e.g. As, Mo, Ag, Sb,
W, Tl and Bi) are commonly enriched and more mobile

in neutral groundwater in direct contact with weathering
sulfides, suggesting regional groundwater sampling may be
effective at locating these types of deposits.

Groundwater PGE for nickel exploration — a greenstone belt
investigation

The Norseman-Wiluna greenstone belt extends through
the NE Yilgarn Craton (Fig. 1) and hosts numerous
major Ni deposits. The area is semi-arid to arid and has a
Mediterranean climate with hot, dry summers and cool,
wet winters. Mean annual rainfall is between 200-300 mm,
similar to the Harmony study site (Bureau of Meteorology
2008). Mulga dominates the vegetation with minor drought-
resistant shrubs and grasses. The primary land use is cattle
grazing and mining.

Greenstones, including ultramafic and mafic
volcanics, are enclosed within granitoids. This greenstone
belt is abundantly mineralized, hosting numerous Ni
sulfide deposits, including Cosmos, Honeymoon Well
(Wedgetail, Corella, Harrier, Hanibals), Harmony, Mt
Keith, Perseverance, Prospero, Rocky’s Reward, Sinclair,
Waterloo, Weebo and Yakabindie (Six Mile Well/Goliath).
Most mineralization is in stratiform volcanic-hosted
deposits, related to komatiite flows (Morris & Sanders
2001). The mineralization is varied massive, disseminated,
matrix and remobilized stringer and breccia hosted sulfide
mineralization of pentlandite and pyrrhotite. The sulfides
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Figure 3. Platinum concentration in groundwater of the Norseman
Wiluna greenstone belt in the NE Yilgarn, with a more detailed
depiction of the Honeymoon Well area (mineralization is red). Grid
coordinates are UTM Zone 51, GDA 94.

also contain significant concentrations of Platinum Group
Elements (PGE). A comprehensive review of the geology
and Ni mineralization styles and settings is given by Barnes
(2006).

The topography is broadly flat with ancient alluvial
transported cover of varied thickness (a few metres to tens
of metres). Soils are dominantly acidic, sandy with red-
brown hardpans and lack significant calcrete horizons except
in channels. A comprehensive review of the regolith and
geomorphology of the region is given by Anand & Paine
(2002). The watertable along the greenstone belt is 10-40 m
below surface.

The groundwater study included approximately 300
samples from in and around eight deposits along 160 km of
the Norseman-Wiluna greenstone belt between Leonora and
Wiluna. Gray & Noble (2006) investigated the evolution of
groundwater and the hydrogeochemical signature related
to sulfide weathering. The concentration of Pt and Pd in
the groundwater was determined as part of this study using
preconcentation onto activated carbon sachets (Noble &
Gray 2010; Giblin 2001; Gray 2001). This method showed
Pt and Pd (and W) are a useful vector to Ni mineralization
(Fig. 3). The concentrations of PGE in the NE Yilgarn
groundwater is very low (commonly <1 ng/L), making the
use of these elements as pathfinders difficult. Samples of
>1 ng/L (detection) are considered anomalous. Results show
that higher concentrations of Pt, as well as any detectable
Pd, are found mostly within 2 km of mineralization (Fig. 3).
At Honeymoon Well, the four mineralized zones are all
delineated with detectable Pt (>1 ng/L, Fig. 3).

The deposits all have elevated, but sporadic, Pt
concentrations in the groundwater around the deposits. The
lack of a PGE groundwater signature does not indicate an
absence of Ni sulfide mineralization (i.e. could be a false
negative), but a positive PGE result is a strong indicator of
mineralization. The groundwater around the Jaguar VMS
Zn deposit (Fig. 3) is also enriched in PGE, indicating that
PGE in groundwater may be indicators of several different
types of sulfide mineralization. The Ni sulfide mineralization
in the Norseman-Wiluna greenstone belt contains significant
PGE concentrations, but the weathering rates and mobility
of PGE means concentrations are expected to be limited.
Regardless, the use of PGE is more effective than the direct
measurement of the target element (Ni for NiS deposits and
Zn and Cu for the VMS deposits) alone. Nickel, Zn and Cu
in groundwater are commonly adsorbed by clays and Fe-
oxides and, as a result, the soluble concentrations are erratic,
and often below detection, and do not commonly produce
coherent anomalies around the sulfide mineralization.

Improving the detection limit for PGE in groundwater
may significantly enhance exploration success using
hydrogeochemistry for Ni sulfides and VMS in Australia.

Groundwater U from farm wells and bores — a regional scale
investigation

Previous work has demonstrated that groundwater
geochemistry can provide large geochemical signatures (Gray
& Noble 2006; Cameron & Leybourne 2005). Uranium is

continued on page 15
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generally mobile in groundwater and surface water and, in
previous work, has shown geochemical haloes around U
mineralization (Cameron 1980; Mann & Deutscher 1978;
Peuraniemi & Aario 1991). A research project by the CSIRO
Minerals Down Under Flagship assessed the value of low-
density groundwater sampling (>5 km sample spacing) for
mineral exploration and environmental management (Gray
et al. 2009). The groundwater project objectives and spacing
are similar to the successful laterite geochemistry project

of the Yilgarn Craton (Cornelius et al. 2008) that showed
large geochemical signatures in laterite, but spatially the
two projects have only a minor overlap. This paper will only
discuss some of the U results from the regional groundwater
study.

The northeast Yilgarn Craton consists of Archaean
granites and granitic gneiss and extensive northeast oriented,
elongate greenstone belts (Williams 1975; Myers 1997).
Cassidy et al. (2006) summarises the tectonic evolution of
the Yilgarn Craton. The granitic rocks comprise deformed
and metamorphosed granodiorite-monzogranite. The
greenstones generally comprise mafic and ultramafic volcanic
rocks underlain by quartzite, banded iron formation and
minor felsic volcanics.

The climate and landforms are similar to those
mentioned in the previous case studies. The northeast
Yilgarn regional study covered approximately 470 x 250 km
or 92 000 km? (Fig. 1) with numerous Ni (sulfide and

laterite), Au (orogenic) and U (secondary carnotite) ore
systems, as well as several Zn (VMS) deposits (including the
area of the previous greenstone belt case study).

Secondary carnotite style deposits (calcrete uranium) are
prevalent along the drainage systems throughout the region,
and include the world class Yeelirrie deposit, Lake Maitland,
Centipede, Lake Way and the Cogla Downs/Hillveiw
prospects (Fig. 4).

Groundwater samples (1420) were collected from
farm wells and bores on ~5 km spacing where available.
Regionally, the groundwater is relatively fresh and of neutral
pH. Salinity tends to increase towards the drainages and
valley floors where, in many cases, there are salt lakes. This is
also the region where soluble U precipitates as carnotite.

Dissolved U alone is a reasonable targeting element
on the ~5 km sample spacing, confirming the findings of
Cameron (1980) and Mann & Deutscher (1978). Uranium
concentrations in the northeast Yilgarn range from 1 to
700 ug/L (Fig. 4). In particular, the greatest U concentrations
are close to the Yeelirrie deposit (along the drainage flow),
identifying the Yeelirrie area as the strongest target (Fig. 4).
Other known deposits also have elevated U concentrations
compared to the background, with most of the known
deposits occurring close to the larger (>100 ug/L) U
groundwater concentrations. These larger U concentrations
are consistently in the topographically lower parts of the
landscape (drainage channels). Exceptions to this are the

‘ “ 0 | 50 100km | S *lee, | | * U Prospects
‘ — 1 /3 _ \leeer 0 H
24 N— 1 T — 1 \ ::Fb\ U (pgl/L)
\ | | 3 0800 ol @ 297 - 696
w Py | | e L © 120 - 288
| °4q 0o ‘ o' Seq 0
‘ 2% 0 ‘o £, oML, O 57-119
| P o I | o (o] ¥ _
! ¢s joab Wilunam OQ A '.‘ o \ ©32-5
Meekatharra® /¢ 0@0.° oo © ‘ AT &SR © 17-31
| o/ (F1CKe's Oe [ 8% 8" X Lake way, . e 7-17
“ o M .@.gbo o i ""-* o '99:‘ % X} ‘
\ $90dP 900 @ ° % 113 9v'>6.o°98“”ed‘2 AN a ®3-7
| ¢ oooQ'):\-; )'*O\O‘ ° ® o) 0J w*-*. ".jéo .: °8e *o - «1.2 ||
| Ce o S e — o = e -
21 ] A & dbp: Dol O Y AR 09 ItV 08 1S
TR ) L (O] $ 1 ° * O @ x L3KE Maitland
e 250 R © Yeelirrs xa2 o @ . akeé Maitlan
o o © %0530\ eelirre 8. 8 les 07 ¢ e g, |
0 eoAq, o QQQ 0° oo 08% ) 90 o 0. ° ©
xR FE o % o e K32, vy” SUCIIK § S NS ‘
‘- 7 N & ¢, | Hillview/Cogla| D O esd®lLe ol 0% 00
\ L o0 5 . O)} illview/Cogla|Downs ¢ oo dibon® o 0 e i
00 0w s NG e ® 002080 9O 40 O O In %% 0200 QLT
'.00°‘°.o°° o °%%°° * ° N et ©9e ° :. : 5000 O 'ls o .OO.Q."'. ‘g"oo o’
0 .o.o.. 00 “ 3 N 0, | ®o0 ‘ ° .Cgo oo 0 0‘3' o..'.
s 0ng, o8 & ¥ 000 308 oG S, ¥ e\ T
o ‘% 7.(:.*0 ° * ..’ 00 Po o . © ore ..O. oo Oe b ..\h.
0P O s XYL, o 0090 o [adi % Tpeddhey T 8 e
000 %8 %, "o ,*99(0 ‘ Vs U‘&&OL ine et.%:.. e %%o‘ ey | D
i o 2P Y & —— 7 W'l e {1 i
wol  gUengrde b RS Nl VT e, VRS
Mt Magnet 8. ve” °° 8 o 0 &° \ 0P00%°, Slese ® g 0% '5-' \e
“ oo:.O % o/&‘\d"oo Nite Oo | %OQ 0008 00‘2,1) oyt :: ,oﬂ _ 1
. %o 0e° %. [¢] 0. 0 ge! ||Ehiite "¢ P o il .(é_ o O
e, 0" T/ Y0 10 80 O (Wi iglge e Y |
‘ d e /0 lo 80 ‘ s Qe 00 oo % "o Qo
\ o) 0 /, Q’}"’o O 00% o Se 0 e 5° 2 Lcrton
“ - g I. 2 %623 LC % o or' oo 0 o * I o T
NI e - | @ Jopl Bt Inelis e =)
| o Youaum | o *e og@!‘OOOO.d}'o Loatid 2t N et
! ‘ X :
| region “ | 1 % .. | go T Ry L’ et i og i
29°S— — AT V8 %\ T E \ \ ! -I‘ ¢
‘ ‘ \ w0
l : i ﬁ —
118°E 19°E 120°E 121°E 122°E 123°E

Figure 4. Northeast Yilgarn groundwater U concentrations. Major U deposits are labelled. Coloured polygons indicate major greenstone (green),

granite (pink), felsic (yellow) and sedimentary (brown) lithologies. Black lines are faults. continued on page 16
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second and third largest concentrations of U >297 ug/L
towards the southwest of the study area in the Youanmi
region (Fig. 4), which occur adjacent to the drainage divide
and are in regionally elevated terrain. This particular area of
elevated U concentrations in groundwater is unrelated to the
palacochannel/playa style deposits, and more likely reflects

a primary ore source (this area does not show a surface
radiometric response).

Uranium concentration alone does not strongly identify
the second largest known deposit, at Lake Maitland, but this
deposit is unusual because it occurs over greenstone bedrock
(Fig. 4). Mineral saturation indices directly compute the
activity of various chemical species, incorporating master
variables such as pH and Eh of the system and, in turn,
determine if the water is over- or under-saturated with
respect to specific minerals. The carnotite saturation index
(SI) is a direct measure of the potential for such deposits
to form in palaeochannel or playa deposits. Spatially, the
carnotite SI is more predictive than the U concentration and
predicts most of the known deposits and prospects. The SI
results for carnotite, reported in Gray et al. (2009), show the
gradation of groundwater approaching saturation along the
channels that corresponds to the location of the deposits.
The carnotite SI also indicates that the groundwater
upstream from Lake Maitland is close to saturation.

CONCLUSIONS

Groundwater sampling provides significant exploration
potential at different scales in Western Australia, even
where highly weathered rocks are overlain by transported
material. Target and pathfinder element signatures may be
much broader than geochemical haloes in other media and
extension of hydrogeochemical exploration to sediment
obscured Craton margins could be a cost-effective and viable
technique for exploration in these areas. Comparison studies
between sample media are required and the relationships
between the laterite geochemistry data (Cornelius et al.
2008) and the groundwater data (where the two sets overlap)
is presently being conducted. Improving detection limits for
PGE in groundwater will most likely enhance the exploration
success for Ni sulfides using hydrogeochemistry in arid and
semi-arid regions of Western Australia.

An added benefit of mineral exploration using
groundwater is that it provides additional data for

monitoring human and livestock drinking water supplies,
baselines for future hydrogeochemical exploration and
environmental management (e.g. mine closure).

In addition to the groundwater regional study (Gray
et al. 2009), a biogeochemical mapping project using 1400
mulga (4. aneura) samples has been started and will be
completed by late 2010. This project will investigate the links
between the regional groundwater chemistry and vegetation
chemistry in the northeast Yilgarn, and provide the first
large scale biogeochemical map in Australia. For additional
information please contact the authors.

ACKNOWLEDGEMENTS

The support of CRC LEME and CSIRO Minerals Down
Under Flagship program and assistance from Dale Longman
and Mark Pirlo is appreciated. Travis Naughton and Angelo
Vartesi are thanked for production of the figures. Research
summarized was sponsored from a number of sources, in
particular CSIRO/AMIRA P240, P241, P241A, P409, P504,
MERIWA, and a project on Ni hydrogeochemistry supported
by CRCLEME, BHP Billiton, Inco, Lion Ore and Anglo
American. The sponsors of all these projects are thanked
for their generous support. Matthew Leybourne, Beth
McClenaghan, Mel Lintern and Ravi Anand are thanked for
reviewing this manuscript.

REFERENCES

AnaNnD, R.R. & PaINg, M. 2002. Regolith geology of the Yilgarn
Craton, Western Australia: implications for exploration. Australian
Journal of Earth Sciences, 49, 3-262.

BarNEs, S.J. (Ed) 2006. Nickel deposits of the Yilgarn Craton:
geology, geochemistry and geophysics applied to exploration.
Special Publication Number 13, Society of Economic Geologists,
Littleton, Co.

BovLE, D.R., Cox, D.L. & VANDEBEEK, R.R. 1993. Groundwater
sampling methodology for mineral exploration in glaciated terrain
using reverse circulation overburden drilling. Journal of Geochemical
Exploration, 49, 213-231.

BUREAU OF METEOROLOGY, 2008. Climate data from regional (Peak
Hill) weather stations and Australian rainfall map online. http://www.
bom.gov.au/ accessed September 10, 2008. Bureau of Meteorology,
Canberra, ACT.

CaMERON, E.M. 1978. Hydrogeochemical methods for base metal
exploration in the northern Canadian Shield. Journal of Geochemical
Exploration, 10, 219-243.

CaMERON, E.M. 1980. Geochemical exploration for uranium in
northern lakes. Journal of Geochemical Exploration, 13, 221-250.
CaMERON, E.M., LEYBoURNE, M.I., & KELLEY, D.L., 2002. Exploring
for deeply covered mineral deposits: Formation of geochemical
anomalies in northern Chile by earthquake-induced surface flooding

of mineralized groundwaters. Geology, 30, 1007-1010.

CaMERON, E.M. & LEYBOURNE, M.I. 2005. Relationship between
groundwater chemistry and soil geochemical anomalies at the
Spence copper porphyry deposit, Chile. Geochemistry: Exploration,
Environment, Analysis, 5, 135-145.

CAREY, M.L., McPHAIL, D.C. & TAureN, PM. 2003. Groundwater
flow in playa lake environments: impact on gold and pathfinder
element distributions in groundwaters surrounding mesothermal

gold deposits, St. Ives area, Eastern Goldfields, Western Australia.
continued on page 17



EXPLORE NUMBER 146

PAGE 17

Hydrogeochemistry for mineral exploration... continued from page 16

Geochemistry: Exploration, Environment, Analysis, 3, 57-71.

Cassipy, K.E.,, CHawmrioN, D.C., Krarez, B., BARLEY, M.E., BROWN,
S.J.A., BLEWETT, R.S., GROENEWALD, P.B. & TYLER, I.M. 2006.
A revised geological framework of the Yilgarn Craton, Western
Australia. Western Australia Geological Survey Record 2006/8.

CoRNELIUS, M., ROBERTSON, I.D.M., CorNELIUS, A.J. & MoORRIs, PA.
2008. Geochemical mapping of the deeply weathered western
Yilgarn Craton of Western Australia, using laterite geochemistry.
Geochemistry: Exploration, Environment, Analysis, 8, 241-254.

KirsTE D., DE CaRITAT P, & DaNN, R. 2003. The application of the
stable isotopes of sulfur and oxygen in groundwater sulfate to
mineral exploration in the Broken Hill region of Australia. Journal
of Geochemical Exploration, 78, 81-84

DE CARITAT, P, McPHaIL, D.C., KYSER, K. & Oates, C.J., 2009. Using
groundwater chemical and isotopic composition in the search
for base metal deposits: hydrogeochemical investigations in the
Hinta and Kayar Pb—Zn districts, India. Geochemistry: Exploration,
Environment, Analysis, 9, 215-226.

DE CARITAT, P., KIRSTE, D., CARR, G., & McCuLLocH, M. 2005.
Groundwater in the Broken Hill region, Australia: recognising
interaction with bedrock and mineralisation using S, Sr and Pb
isotopes. Applied Geochemistry, 20, 767-787.

GIBLIN, A. 2001. Groundwaters: Geochemical pathfinders to concealed
ore deposits. CSIRO Exploration and Mining, North Ryde.

GiBLIN, A.M. & Dickson, B.L. 1992. Source, distribution and economic
significance of trace elements in groundwaters from Lake Tyrrell,
Victoria, Australia. Chemical Geology, 96, 133-149.

GiLuis, M.L., AL, TA., BLowes, D.W., HaLL, G.E.M. & MacLEaN, B.
2004. Geochemical dispersion from a weathered Cu-Zn deposit in
glaciated terrain. Geochemistry: Exploration, Environment, Analysis,
4, 291-305.

Gray, D.J. 2001. Hydrogeochemistry in the Yilgarn Craton.
Geochemistry: Exploration, Environment, Analysis, 1, 253-264.

Gray, D.J. & NosLE, R.R.P. 2006. Nickel hydrogeochemistry of the
northeastern Yilgarn Craton, Western Australia. CRC LEME
Open File Report 243R / CSIRO Exploration and Mining Report
P2006/524.

Gray, D.J., NosLE, R.R.P. & REID, N. 2009. Hydrogeochemical
Mapping of the Northeast Yilgarn Craton. CSIRO Exploration and
Mining Report P2009/1612. Minerals and Energy Research Institute
of Western Australia Report No. 280.

HArPER, M.A., HiLLs, M.G., RENTON, J.I. & THORNETT, S.E., 1998.
Gold deposits of the Peak Hill area. In: BERKkMAN, D.A. & MACKENZIE
(Eds.), Geology of the Australian and Papua New Guinean Mineral
Deposits. The Australasian Institute of Mining and Metallurgy,
Melbourne, 81-88.

LeEyBoURNE, M.I. & CaMmERON, E.M. 2006. Composition of
groundwaters associated with porphyry-Cu deposits, Atacama
Desert, Chile: Elemental and isotopic contraints on water sources
and water-rock interactions. Geochemica et Cosmochemica Acta,
70, 1616-1635.

LEYBOURNE, M.I., GoopreLLow, W.D., BovyLE, D.R. & HaLL, G.M.
2000. Rapid development of negative Ce anomalies in surface waters
and contrasting REE patterns in groundwaters associated with Zn-
Pb massive sulphide deposits. Applied Geochemistry, 15, 695-723.

ManN, A.W. & DEeuTscHER, R.L. 1978. Genesis principles for the
precipitation of carnotite in calcrete drainages in Western Australia.
Economic Geology and the Bulletin of the Society of Economic

Geologists, 73, 1724-1737.

Morris, PA. & SanDERs, A.J. 2001. The effect of sample medium
on the regolith chemistry over greenstone belts in the northern
Eastern Goldfields of Western Australia. Geochemistry: Exploration,
Environment, Analysis, 1, 201-210.

MYERS, J.S. 1997. Preface: Archaean geology of the Eastern Goldfields
of Western Australia — regional overview. Precambrian Research,
83, 1-10.

NosLE, R.R.P. & Gray, D.J. 2010. Hydrogeochemistry for mineral
exploration in Western Australia (I): Methods and equipment.
Explore. 146, 2- 11.

PauweLs, H., TERCIER-WAEBER, M.L., ARENAS, M., CASTROVIEJO, R.,
DEescHamps, Y., LassiN, A., GrRazIOTTIN, E. & ELorza, EJ., 2002.
Chemical characteristics of groundwater around two massive
sulphide deposits in an area of previous mining contamination,
Iberian Pyrite Belt, Spain. Journal of Geochemical Exploration, 75,
17-41.

PeurANIEMI, V. & Aario, R. 1991. Hydromorphic dispersion of
uranium in a surficial environment in northern Finland. Journal of
Geochemical Exploration, 41, 197-212.

Purrrs, G.C., BoyLg, D.R. & CrLark, 1.D. 2004. Groundwater
geochemistry and exploration methods: Myra Falls volcanogenic
massive-sulphide deposits, Vancouver Island, British Columbia,
Canada. Geochemistry: Exploration, Environment, Analysis,
4, 329-340.

Piraino, E., ApAaMIDES, N.G., OccHIPINTI, S., SWAGER, C.P. & BAcas,
L. 1995. Geology and tectonic evolution of the early Proterozoic
Glengarry Basin, Western Australia. Western Australian Geological
Survey Annual Review 1994-1995.

PiraNo, F. & OccHIPINTL S. 1995. Bryah, W.A. (Preliminary edition).
Western Australian Geological Survey, Perth. 1:100 000 Geological
Series.

PirLo, M.C. & GiBLIN, A.M. 2004. Application of groundwater-mineral
equilibrium calculations to geochemical exploration for sediment-
hosted uranium: observations from the Frome Embayment, South
Australia. Geochemistry: Exploration, Environment, Analysis,
4,113-127.

RoBertson, I.D.M. 2001. Geochemical exploration around the
Harmony gold deposit, Peak Hill, Western Australia. Geochemistry:
Exploration, Environment, Analysis, 1, 277-288.

RogerTson, I.D.M. & Gray, D.J. 2003. Harmony gold deposit,
Baxter mining distrct, Western Australia. In: C.R.M. Butt, .D.M.
Robertson, K.M. Scott & M. Cornelius (Eds), Regolith Expressions
of Australian Ore Systems. CRC LEME, Perth. 259-261.

Tauren, PM. 1997. Ground waters and surface waters in exploration
geochemical surveys. In Gubins, A.G. (Ed) Geophysics and
geochemistry at the millennium; proceedings of Exploration 97.
Prospectors and Developers Association of Canada, Toronto. 271-
283.

WiLLiams, I.R. 1975. Eastern Goldfields province. In: Geology of
Western Australia. Western Australia Geol. Surv. Mem. 2, 33-55.

Ryan R.P. Noble, David J. Gray, Ian D.M. Robertson and
Nathan Reid

CSIRO Earth Science and Resource Engineering

Minerals Down Under Flagship

PO Box 1130, Bentley, 6102 Australia

Email: ryan.noble@csiro.au




